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Summary
Motivating stimuli provoke action tendencies that some-
times lead to unwanted behavior (e.g., eating chocolate
when trying to diet) [1–4]. Implementing control over these
provocations is essential to healthy functioning [1, 5]; how-
ever, few laboratory-based models of such control exist.
Here we developed a novel task in which thirsty human sub-
jects made instrumental responses to obtain a juice reward
(Go trials) orwere required towithhold responding (NoGo tri-
als) in thepresenceof a rewarded (CS+) orunrewarded (CS2)
conditionedstimulus. ForGo trials, single-pulse transcranial
magnetic stimulation revealed a rapid increase in motor
activity for CS+ versus CS2, preceding more vigorous
instrumental responding. Critically, successful NoGo trials
resulted in suppression of motor activity for CS+, but not
CS2. Moreover, while there was broad excitation in the
hand muscles in Go trials, suppression in NoGo trials was
selective to the effector that could obtain reward. These re-
sults show that response suppression can be triggered by
a motivational stimulus, thus providing a richer model of
self-control than classic cognitive psychology paradigms.
Results
We often encounter motivating stimuli that prompt action ten-
dencies that conflict with our long-term goals, requiring self-
control [1, 6–8]. While such self-control can be achieved using
high-level strategies such as reappraisal and distraction
[9–11], here we tested the hypothesis that it can also be
achieved by suppressing action tendencies triggered by the
motivating stimulus.
We developed a novel paradigm that combined Pavlovian-
to-instrumental transfer (PIT)—an associative learning phe-
nomenon in which a conditioned stimulus motivates instru-
mental behavior [12]—with a Go/NoGo task. As in classic PIT
experiments [13–15], there were three phases (Figure 1A). In
the instrumental phase, thirsty subjects learned to press a but-
ton with their right index finger to get juice in Go trials and to
withhold responding in NoGo trials. In the Pavlovian phase,
they learned which color (green or purple) predicted juice de-
livery (i.e., CS+ or CS2). In the transfer phase, in Go trials,
they again pressed to get juice, but now with a motivating
(CS+) or nonmotivating (CS2) stimulus in the background; in
NoGo trials, responding was to be withheld in the presence
of CS+ or CS2. We specifically asked two questions: (1) In
Go trials, does the motivating stimulus (CS+) rapidly generate
an action tendency? (2) In NoGo trials, does the presence of a
NoGo control goal mitigate the action tendency by recruiting
response suppression?*Correspondence: adamaron@ucsd.eduExperiment 1
To address these questions, we measured PIT behavior and
‘‘imaged’’ the motor system using single-pulse transcranial
magnetic stimulation (TMS). TMS was applied over left motor
cortex while electromyography was measured from the right
hand. This measures corticospinal excitability (CSE) of the
hand representation, reflecting cortical, subcortical, and
spinal influences.
In the Pavlovian phase, subjects made speeded responses
according to the location of a colored rectangle for the CS+
and CS2 stimuli [16] (Figure 1A). The CS+ color always pre-
dicted juice delivery, while the CS2 color always predicted
no juice delivery. Subjects were told that juice delivery during
this phase had no relationship to the button press (which was
done with the left hand; see Figure 1A). Data were analyzed
from 14 subjects. An ANOVA with the factors of Stimulus
(CS+/CS2)3 Time (first half of phase/second half of phase) re-
vealed a significant main effect of Stimulus (F1,13 = 6.5, p =
0.02), with response time (RT) faster for CS+ than CS2, and
a significant Stimulus 3 Time interaction (F1,13 = 8.6, p =
0.01). T tests showed that the difference in RT for CS+ versus
CS2 emerged most strongly during the second half of the
Pavlovian phase (first half: p = 0.3; second half: p = 0.002)
(see Figure S2 available online). Thus, although juice delivery
was independent of responding, subjects responded more
quickly to the CS+ than the CS2 stimulus across time,
providing evidence for learning of reward values.
To examine PIT behavior, we analyzed the first and the sec-
ond halves of the transfer phase separately (first half: blocks 1
and 2; second half: blocks 3 and 4). We predicted stronger PIT
for blocks 1 and 2 based on a pilot experiment in which the PIT
effect waned in the transfer phase (Table S1), probably
because (1) Pavlovian learning was short (w7 min) and (2)
the Pavlovian background cue was functionally irrelevant in
the transfer phase, leading to reduced processing of the cue
over time. Note that a real-world Pavlovian stimulus could be
reinforced for years; here we simply focus on the time period
when the association was still strong (i.e., in blocks 1 and 2)
as a model of control over a motivating stimulus. We
compared CS+ and CS2 with three different behavioral mea-
sures: (1) mean number of presses in Go trials, (2) mean first-
press RT in Go trials, and (3) percentage of errors in NoGo
trials. Paired t tests showed that, across all three behavioral
measures, PIT was present in blocks 1 and 2 (all p values:
p < 0.05) but not blocks 3 and 4 (all p values: p > 0.2) of the
transfer phase (Figures 2A–2C). The PIT effects of first-press
RT and number of presses indicate that the CS+ invigorated
instrumental responding in Go trials. Moreover, the increased
errors in NoGo CS+ trials suggest that the CS+ provoked an
action tendency even in NoGo trials.
In each trial, a TMS pulse was delivered 250 ms after
stimulus onset to measure CSE (Figures 1B and 1C). CSE
was simultaneously recorded from the first dorsal inteross-
eous (FDI) muscle of the right index (task-relevant) finger
and the abductor digiti minimi (ADM) muscle of the right
pinky (task-irrelevant) finger. TMS was delivered in Go and
NoGo trials for CS+ and CS2, and also for Null trials to pro-
vide a baseline (see Figure 1B). Mean CSE for each condition
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Figure 1. Task Design
(A) Three phases. In the instrumental phase, sub-
jects continuously pressed with the right index
finger to obtain juice in Go (square) trials. Juice
delivery was based on a variable ratio reward
schedule (5–15 presses, mean = 10). In NoGo
(triangle) trials, no press was to be made; other-
wise, an error message was displayed (not
shown). In the Pavlovian phase, subjects made
speeded button presseswith the left hand to indi-
cate the location (left or right) of the colored rect-
angle. Juice was always delivered for the CS+
color (shown as green) and was never delivered
for the CS2 color (shown as purple). The transfer
phase was identical to the instrumental phase,
except that the Pavlovian colors (rather than
gray) appeared in the background. In the transfer
phase, in Go trials, juice was delivered to maxi-
mize motivation (this is different from typical PIT
paradigms that are done in extinction). In NoGo
trials, no juice was delivered, thus resembling
the outcome of successful withholding in the
real world. Thirst level and pleasantness ratings
remained high throughout the experiment (see
Figure S1).
(B) Trial types and example trial series for transfer
phase. For baseline trials, a red fixation cross
informed the subject that the following trial would
display ‘‘NULL’’ and the subjectwas to rest during
this time. TMS pulses were delivered 250ms after
stimulus onset.
(C) Experimental setup. TMSwas applied over the
left primary motor cortex. Electromyography was
recordedsimultaneously fromthe indexandpinky
fingers of the right hand. See also Supplemental
Experimental Procedures.
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213was normalized by dividing by this baseline (i.e., a value of 1
represents no change). Because PIT was only present during
blocks 1 and 2 of the transfer phase (Figures 2A–2C), the CSE
results presented below reflect these blocks only (see Fig-
ure S3 for CSE results from blocks 3 and 4 of the transfer
phase).
For the FDI muscle, an ANOVA performed on CSE for the
factors of Stimulus (CS+/CS2) 3 Cue (Go/NoGo) revealed a
significant main effect of Cue (F1,13 = 8.17, p = 0.01) and a sig-
nificant Stimulus 3 Cue interaction (F1,13 = 5.37, p = 0.04). For
Go trials, CS+ had significantly higher CSE than both CS2 and
baseline (p < 0.05) (Figure 2D). This attests to a quick response
activation elicited by the CS+. Importantly, there was a reduc-
tion of CSE in NoGo trials for CS+ (t13 = 2.35, p = 0.035), but not
for CS2 (t < 1, not significant) (Figure 2D). This suggests that
response suppression was used to countermand the moti-
vating influence of CS+ when a response was successfully
withheld.
To better quantify the degree of CSE reduction from Go to
NoGo, we calculated the percent change for CS+ and CS2
(e.g., for CS+ trials: (NoGo CS+ – Go CS+) 3 (100/Go CS+)).
Whereas CS2 showed only a 2% reduction in CSE from Go
to NoGo trials, CS+ showed an 18% reduction. The change
for CS+ was significantly higher than for CS2 (t13 = 2.28,
p = 0.04) and was significantly below a no-change value of
0 (t13 = 3.73, p = 0.003) (Figure 2E).We examined the selectivity of the
motor excitation and suppression by
comparing CSE for the task-relevant
FDI muscle and the task-irrelevantADM muscle. Because the data were nonnormally distributed
(Shapiro-WilkW test: p < 0.001) (due to high variability in ADM),
we log-transformed the normalized CSE and performed an
ANOVA for Muscle (FDI/ADM) 3 Cue (Go/NoGo) 3 Stimulus
(CS+/CS2). There was a significant main effect of Cue
(F1,13 = 9.42, p = 0.009) and a significant Muscle3 Cue3 Stim-
ulus interaction (F1,13 = 4.76, p = 0.048).
Follow-up ANOVAs were performed for FDI and ADM mus-
cles separately. Whereas the FDI showed a significant Cue 3
Stimulus interaction (as presented above), the ADM showed
a marginally significant main effect of Stimulus—i.e., CSE
was higher for CS+ than CS2 (F1,13 = 4.18, p = 0.06) (Figure 2F;
figure depicts nontransformed values). Thus, for ADM, CSE
was increased for CS+ versus CS2 overall. For FDI, CSE was
increased for CS+ in the Go condition but suppressed in the
NoGo condition. This suggests that, for CS+ trials, the motor
excitation was broad across the hand, while motor suppres-
sion during NoGo trials was restricted to the task-relevant in-
dex finger. This pattern was further confirmed using an
ANOVA for Muscle (FDI/ADM) 3 Stimulus (CS+/CS2) in
NoGo trials alone. There was a significant interaction (F1,13 =
10.23, p = 0.007) in which CSE for CS+ (compared to CS2)
was reduced in the FDI muscle but significantly increased in
the ADM muscle (post hoc paired t test: t13 = 2.47, p = 0.03).
In addition to providing evidence for selective suppression,
increased CSE for NoGo CS+ in the ADM muscle argues
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Figure 2. PIT Behavior and CSE Results
(A) Mean number of presses to obtain juice was significantly higher for CS+ than CS2 during blocks 1 and 2.
(B) Mean first-press RT was significantly faster for CS+ than CS2 during blocks 1 and 2.
(C) Percentage of NoGo errors was significantly higher for CS+ than CS2 during blocks 1 and 2. See also Figure S2 for Pavlovian phase results and Table S1
for behavioral results from pilot experiment.
(D) Normalized CSE for FDI (task-relevant) muscle in blocks 1 and 2. A value of 1 represents the same CSE as baseline (Null). For Go trials, CSE for CS+ was
higher than both CS2 and baseline. For correct NoGo trials, CS+was reduced below baseline, leading to a significant interaction. See also Figure S3 for CSE
results from blocks 3 and 4 and Table S2 for FDI raw CSE values.
(E) For FDI muscle in blocks 1 and 2, values represent percent change from Go trials to NoGo trials for CS+ and CS2.
(F) Normalized CSE for ADM (task-irrelevant) muscle in blocks 1 and 2. CSE is shown normalized by baseline but was log-transformed for statistical analyses
due to normality violations. The ADM muscle shows a general CSE increase for CS+. Error bars represent the SEM across subjects. **p < 0.01, *p < 0.05.
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214against the possibility that the observed suppression is due to
higher-level processes that downmodulate action values
because such an interpretation would predict similar patterns
of excitation across the hand.
Experiment 2
The foregoing demonstrates a PIT effect in the transfer period:
in Go trials, responding was energized for CS+ versus CS2. If
this depends on motivational state, then it should dissipate
with a satiation manipulation that devalues the juice reward
[17–20]. Thus, we repeated the behavioral procedure from
experiment 1, but in both Satiation (n = 20) and No Satiation
(n = 20) groups. Subjects in the Satiation group were given
4 min between the Pavlovian and transfer phases to consume
juice until they were no longer thirsty, while subjects in the No
Satiation group were instructed to simply wait quietly during
the 4 min.
An ANOVA was performed using Drive (Satiation/No Satia-
tion) as a between-subjects factor and Stimulus (CS+/CS2)
as a within-subjects factor. For number of presses (Go trials),
there was a main effect of Drive (F1,38 = 7.46, p < 0.01) and a
significant Stimulus 3 Drive interaction (F1,38 = 4.94, p =
0.03). There was a significant increase in number of presses
for CS+ versus CS2 for the No Satiation group (t19 = 2.27,
p = 0.03), replicating experiment 1, but not for the Satiation
group (t19 = 1.81, p = not significant) (Figure 3A). For first-press
RT (Go trials) and percentage of NoGo errors (NoGo trials),
there were no significant main effects or interactions. Howev-
er, for first-press RT, there was a marginally significantdifference between CS+ and CS2 in the No Satiation group
(t19 = 1.8, p = 0.09), while the Satiation group showed no differ-
ence (t < 1) (Figure 3B). The percentage of NoGo errors was
also higher for CS+ versus CS2 in the No Satiation group
(t19 = 2.34, p = 0.03), replicating experiment 1, while there
was no difference in the Satiation group (t19 = 1.14, p = not
significant) (Figure 3C).
Discussion
We asked whether response suppression is used to withhold
an action that is provoked by a motivating stimulus. Behav-
iorally, we show that thirsty subjects are indeed provoked
by a reward-predicting (CS+) stimulus, evident in invigorated
instrumental responding during the transfer phase. Consis-
tent with this, the influence of CS+ was also present in
NoGo trials, as evidenced by increased NoGo errors
compared to CS2 trials. In experiment 2, we replicated these
results in the No Satiation group, and we also showed that
the PIT effects disappeared with satiation, confirming a
dependence on basic motivational drive. The TMS results
corroborated these findings and showed that in Go trials,
there was an early increase in CSE (at 250 ms) for CS+
compared to CS2 and also compared to baseline. Impor-
tantly, in NoGo trials, TMS showed that CSE was reduced
beneath baseline for CS+ (but not CS2), indicating suppres-
sion over the action tendency generated by the CS+. Further-
more, the analysis of the two fingers of the right hand
showed that while the motivating influence of CS+ affected
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Figure 3. Transfer Phase Results from Experiment 2
(A) Average number of presses to obtain juice was significantly higher for CS+ than CS2 in the No Satiation group, but not in the Satiation group (and there
was an interaction).
(B) First-press RT was marginally significantly faster for CS+ than CS2 in the No Satiation group, but not in the Satiation group.
(C) Percentage of NoGo errors was significantly higher for CS+ than CS2 in the No Satiation group, but not in the Satiation group. Error bars represent the
SEM across subjects. *p < 0.05, ^p < 0.1. All statistical tests for experiment 2 were one-tailed due to its replicative nature. See Supplemental Experimental
Procedures.
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Figure 4. A Model of the Presumed Temporal Dynamics of Response Acti-
vation and Suppression in Go and NoGo Trials
(A) In Go trials, CSE increases sooner and at a steeper slope for CS+
compared to CS2. This results in higher levels of CSE for CS+ versus CS2
when the TMS pulse is applied 250 ms after stimulus onset, as well as
more invigorated behavioral responding.
(B) In correct NoGo trials, CSE begins to increase sooner and at a steeper
slope for CS+ than CS2 (similar to Go trials). However, by 250 ms after stim-
ulus onset, strong response suppression is implemented over the response
activationelicitedbyCS+ to avoid responding. ForCS2 trials, response sup-
pression is unnecessary due to lesser response activation from the CS2
stimulus.
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215both fingers (presumably global for the hand and perhaps
also the wider motor system), the suppression exerted in
NoGo CS+ trials was selective to the task-relevant index
finger.
Taken together, these results show that one way humans
exert control over Pavlovian-induced action tendencies [6, 7]
is by directing response suppression over the provoked ac-
tion. This is likely a different form of response suppression
than is captured by standard paradigms such as stop signal
and Go/NoGo (e.g., [21]). In those paradigms, there is strong
response prepotency, and the response suppression is trig-
gered by an external stimulus. However, there was little gen-
eral prepotency here (because Go and NoGo trials occurred
with equal probability, mean RT was a slow 560 ms, and Go
CS2 trials showed no CSE increase). Furthermore, control
was not merely triggered here by an external stimulus but,
instead, most likely by the conflict between the response acti-
vation and the NoGo rule on CS+ trials. In that sense, there is
some commonality with tests of response conflict such as
the Simon and antisaccade tasks [22, 23]. Yet what distin-
guishes our paradigm from these is that, in this study, the
response activation is driven by themotivation-action spillover
of the conditioned stimulus rather than by automatic stimulus-
response links. This is clear in that response suppression only
occurred for CS+ trials and, as experiment 2 shows, only when
the subjects were thirsty.
We also observed that response suppression was targeted
at the task-relevant finger, rather than the global hand. Based
on recent results for selective response suppression, this pre-
dicts a frontal-striatal involvement in the current task [24].
Future studies could test this, as well as the possibility that
control targets the ventral striatum/accumbens [25, 26],
perhaps via a different fronto-striatal system [27–29]. An alter-
native explanation for the selective suppression finding is
that, in NoGo trials, suppression of the FDI muscle was a
result of ‘‘surround inhibition’’ of the activated ADM [30].
However, ‘‘surround inhibition’’ has only been demonstrated
when the task-relevant muscle is activated, which was not
the case here. Furthermore, there was an increase of CSE
for Go CS+ trials across both FDI and ADM muscles (not an
ADM increase and an FDI suppression, as surround inhibition
would predict).
Taken together, our results suggest a dynamic model of
response activation and suppression triggered by the CS+stimulus (Figure 4). We propose that, in successful NoGo trials,
an early activation is generated by the CS+, which conflicts
with the NoGo rule. This conflict then triggers response sup-
pression over the action tendency in order to withhold re-
sponding. This predicts that, in unsuccessful NoGo CS+ trials,
there would be higher CSE (i.e., no suppression)—a prediction
that can be tested in a future experiment that generates a
larger number of NoGo errors. By contrast, in NoGoCS2 trials,
we propose that no response suppression was required due to
equiprobable Go/NoGo trials (little prepotency) and a nonmo-
tivating CS2 stimulus, which erodes the need for response
suppression. Future experiments could directly test the
proposed dynamics of this activation-suppression model by
using more TMS time points or a high-resolution temporal
measure such as electroencephalography.
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